There is increasing interest in the therapeutic targeting of proteases for the treatment of important diseases. Additionally new protein-based therapeutic strategies have the potential to widen the available treatments against these pathologies. In the last decade, accumulated evidence has confirmed that the family of proteases known as proprotein convertases (PCs) are potential targets for viral infections, osteoarthritis, cancer and cardiovascular disease, among others. Nevertheless, there are still many unanswered questions about the relevance of targeting PCs in a therapeutic context, especially regarding the anticipated secondary effects of treatment, considering the observed embryonic lethality of some PC knockout mice. In this review, the benefits of PCs as pharmacological targets will be discussed, with focus on concepts and strategies, as well as on the state of advancement of actual and future inhibitors.
Introduction
After synthesis, proteins go through post-translational modification events that regulate their activity, function and localization within the cell. For many protein precursors, proteolysis at pairs of basic residues is one of these primordial modifications. Consequently, different compounds with very divergent activities can arise from the processing of a single protein precursor. In the secretory pathway of eukaryotic cells, these processing events are catalyzed by enzymes known as proprotein convertases (PCs). PCs are a family of serine proteases that, due to their endoproteolytic activity on precursors, generate bioactive proteins and peptides. Because these proteolytic events occur at specific sites, PCs are distinct from other serine proteases that are implicated in degradation events like trypsins and elastases. Indeed, PCs are characterized by their highly selective cleavage activity at pairs of basic residues, such as RRx or KRx. Moreover, an additional arginine residue upstream of the cleavage site leads to the consensus recognition sequence R-X-K/R-Rx and the minimal recognition sequence R-X-X-Rx found in the majority of PC substrates.
PCs are encoded by nine different genes derived from yeast kexin and bacterial subtilisin homologues, and they maintain cellular homeostasis by processing multiple vital proteins that require a proteolytic activation step (1) . Of the nine known PC enzymes, eight belong to the S8A family of serine proteases, according to the MEROPS peptidase database (http://merops.sanger.ac.uk). The enzymes furin, PC1/3, PC2, PACE4, PC4, PC5/6, PC7 (Figure 1 ), cleave secretory precursors at single or paired basic amino acids within the consensus cleavage site R-X-X-Rx (2) . The non-kexin like PCSK9 does not have any known in trans substrates identified so far, and seems to cleave only its own propeptide. However, PCSK9 also functions as a binding protein targeting the low density lipoprotein receptor (LDLR), as will be discussed later. In contrast to the other members of the PC family, the enzyme SKI-1/S1P, belongs to the S8B family, and does not require a basic amino acid at the cleavage site and has a consensus cleavage sequence R-X-V-Rx (3). SKI-1/S1P plays a role in the regulation of lipid metabolism and cholesterol homeostasis (4) .
PC cleavages result in a diversity of bioactive products, zymogen activation and sometimes inactivation of key proteins. Some PCs are expressed ubiquitously in the organism, such as furin or are widespread like PC5/6 and PC7, while others, such as PC1/3 and PC2 are more organ or system specific. Basic amino acid cleaving PCs process proteins of various categories including various receptors, growth factors, matrix-associated enzymes and components and, of course, peptidic hormone precursors, see (5) for a complete list. In addition to their endogenous functions, many studies have shown a relationship between PCs and certain pathologies due to their actions on exogenous molecules such as viral-coat proteins and bacterial toxins. Even so, heterozygous mutations in the PC1/3 gene (PCSK1) were correlated to monogenic and also polygenic obesity rodent and human phenotypes (6) . Moreover, PC disorders may also lead to the development of several cellular/physiopathological states such as cancer, arthritis and dyslipidemia, which increases interest in the use of PCs as promising pharmacological targets (7) .
The processing of intracellular precursors is essential in both regulated and constitutive secretory pathways. As illustrated in Figure 1 , PCs are calcium-dependent serine proteases that contain multiple domains, see reviews (1, 8) . Some Structurally, each PC possess five characteristic domains which are; (i) the signal peptide at the N-terminal extremity, responsible for the entry of the enzyme into the secretory pathway; (ii) the pro-domain which directs the suitable folding of the enzyme (chaperone), but is also an intramolecular inhibitor keeping the enzyme in its inactive form until it reaches a compartment with the appropriate calcium concentration and pH to be autoprocessed, allowing its removal; (iii) the catalytic domain, with high homology among the PC family, containing the catalytic triad composed of an Asp, His and a Ser, responsible for the interaction and the cleavage of the substrate's multibasic residues; (iv) the P-domain plays a key role in enzyme stability, calcium and pH dependence; and finally (v) a C-terminal domain that varies for each PC and may include transmembrane, cytoplasmic, amphipathic, serine/threonine or cysteine-histidine rich domains, contributing to each PCs unique cellular localization features.
PCs, such as PC1/3 and PC2, are mainly associated with proteolytic events that occur in the regulated secretory pathway of endocrine cells, but the activity of other PCs takes place in the constitutive secretion pathway. Furthermore, recent data show that some PCs can also be active at the cell surface, associated with heparan sulfate proteoglycans (HSPGs), or even within endosomal pathways (9) . For all PCs, the catalytic site is highly conserved (50%-70%), despite the fact that they are considerably different at the Cterminal extremity (10) . Indeed, these structural differences, for example differing in a transmembrane instead of a cysteine-rich domain, are responsible for their contrasting cellular localizations, as shown in Figure 2 .
Once a PC has cleaved a proprotein, carboxypeptidases are responsible for removing the newly generated C-terminal basic residues. Carboxypeptidase E (CPE) is responsible for the processing of target proteins within secretory granules, whereas the homologous carboxypeptidase D (CPD) is implicated in the same process but in the constitutive secretory pathway (13) . Also, during these processes, other posttranslational modifications of the proteins occur within the trans-Golgi network (TGN) and the endoplasmic reticulum including amidation, sulfation, glycosylation and/or acetylation of protein residues, which imposes a second level of regulation on them (14) .
The identification of specific substrates attributable to each PC remains a real challenge because these enzymes share a highly homologous catalytic domain. An important consideration remains as to the overlapping cleavage specificity between PCs, especially if we are to establish potential strategies for therapeutic applications. While two or more PCs may cleave a precursor protein at the same cleavage site under ideal in vitro conditions, it is possible that only one of those PCs is actually carrying out that function in vivo, due to the intracellular localization of each of those PCs. In the opposite manner, cleavage redundancy also appears to be very common in the intracellular context. Although the exact nature of the specific PC(s) associated with these processing events is still difficult to predict, recent studies have investigated the proteolytic activity of each PC against multiple peptidic motifs in an attempt to identify these cleavage preferences (15, 16, 17) and produce predictive algorithms. However, even if these algorithms were fully predictive, it remains that within a cellular context the situation could be different and would require direct testing, for example using highly specific silencing technologies, such as interference RNA and mouse knockout models, in order to reveal which PC or PCs are processing that precursor in cell physiological or even pathophysiological context. PC associated disorders can originate from either exogenous entities (e.g., bacterial or viral pathogens) requiring PC proteolysis to infect cells or, erroneous intracellular processing events that alter cellular phenotypes. It is easy to speculate that PCs are implicated in a plethora of diseases simply Furin, S1P/SKI-1 and PC7 are membrane associated PCs cycling between the TGN and the cell membrane PC5/6, is found in two isoforms; PC5/6A and B, originating from alternate splicing PC5/6A has been associated with the regulated secretory pathway (11) , while PC5/6B is associated with the plasma membrane by its transmembrane domain (12) PACE4 and PC5/6 can also be associated with heparin sulfate proteoglycans by cysteine-rich domains (9) Both PC1/3 and PC2 are localized within the regulated secretory pathway.
by the fact that they are expressed in all cells and many reviews on the subject have done just that. However, the realistic targeting of PCs in disease to obtain a beneficial therapeutic application certainly requires various levels of evidence-based validation. We will therefore limit our discussion only to those PCs and disease indications that have already provided significant proofs of concept, namely PCs in viral infections, cancer and cardiovascular disease.
Making the case for the implication of PCs in pathologies Viral infections
Many viruses employ membrane fusion proteins to penetrate the cell membrane. To allow membrane fusion, these proteins must first be processed from their precursor form to generate the fully active form of the fusion peptide. This cleavage is necessary to induce the characteristic conformational changes required for membrane fusion, which is triggered either by an acidic pH, endosomal internalization or by receptor binding (18) . For many viruses, the proteolytic events required to gain fusion activity have been linked to PCs, and this has generated interest in the development of potent antiviral therapies based on PC inhibition.
Transmembrane PCs such as furin, PC5/6, PC7 and S1P/ SKI-1 (19) have been identified as being responsible for these processing events for many viral envelope proteins. One of the first identified viral fusion proteins that requires PC cleavage was the human immunodeficiency virus (HIV) envelope protein gp160, which matures into gp41 and gp120 isoforms, the latter of which is responsible for binding to the T lymphocyte CD4 receptor (20) . Furin, and to a lesser extent PACE4, PC5/6 and PC1/3, have been suggested to be candidate proteases for HIV gp160 processing (21) . Recent work has also linked extracellular PCs to the maturation of other HIV proteins such as viral protein R (Vpr), a lentiviral protein that facilitates HIV pre-integration to the nuclear core (22) . This protein is characterized by the processing of its extracellular C-terminal arginine-rich motif (RQRR 88 x) by PCs, as demonstrated by the use of the general irreversible PC inhibitor decanoyl-RVKR-chloromethylketone (dec-RVKR-cmk). The transient co-expression of PCs with this viral substrate has suggested that PC5/6 and PACE4 are the most likely candidates for Vpr cleavage, and therefore, this increases their relevance for antiviral strategies.
Influenza A viruses mediate their fusion with host cells by the binding of their hemagglutinin protein (HA0), which once processed correctly, is divided into two fragments: HA1, which contains the receptor binding domain, and HA2, which is membrane-anchored and is required for membrane fusion. These fragments are internalized by a receptorinduced endocytosis mechanism (18) . Depending on the viral strain, the nature of the HA0 cleavage site can be either a single or multiple basic residues. The viral strains where HA cleavage occurs at single basic sites are generally less virulent than those with multiple basic residues. This difference can be explained by the proteases responsible for their processing. HA0 proteins from less virulent strains are mainly cleaved by trypsin-like proteases. However, PCs ensure efficient cleavage of HA0 at multiple basic residues of highly pathogenic strains, which facilitates the uptake of viral particles (23) . The nature of the cellular protease is not the only factor taken into account for virulence analysis because contextual elements around the cleavage site, such as masking carbohydrates and the length of the cleavage site loop, may also interfere (18) .
In addition to HIV and influenza viruses, other viruses, including papillomavirus (24), Semliki Forest virus (25) , chikungunya virus (26) and arenavirus (27) also require PC cleavage of their coat proteins to become fully virulent. Considering this widespread mechanism of action, it is exciting to think that PC inhibitors could impair viral protein maturation and become a promising therapeutic approach for multiple viral infections. Furthermore, since PC are enzymes of the host cell, targeting them to block viral entry as opposed to targeting viral proteins directly, would have the tremendous advantage of limiting viral resistance, for example due to mutations or antigenic drift.
Cancer
Initially, it was speculated that PCs play an important role in neoplasia by promoting cell proliferation, migration and metastasis, mainly due to the nature of a variety of endogenous substrates which include MMPs, adhesion molecules, growth factors and their receptors. Although much remains to be defined, there is growing evidence of the role of PCs in cancer. (28) (29) (30) (31) . More recently, it has been shown that PACE4 overexpression was sufficient to induce the malignant conversion of non-tumorigenic mouse keratinocytes, leading to an increase of the basement membrane disruption. This conversion is attributed to the enhanced processing of MMPs and membrane-type MMP (MT-MMPs) to their active forms by the over-expressed PACE4, which leads to the highly invasive and metastatic phenotype that is observed (31, 32) . However, the complexity of PC roles in cancer soon became apparent as variations are observed in different tumor types. For example, furin overexpression and its role in malignant phenotype has been observed in many cancers, such as head and neck (33) , ovarian (34) and breast cancers (35) . Other studies have reported that the role of PC1/3 and PC2 as they are overexpressed in neuroendocrine tumors such as pheochromocytomas and pituitary adenomas (36, 37) . More recently, our group demonstrated the overexpression of PACE4 in human prostate cancer tissues and has provided strong evidence that PACE4 holds a central role for disease progression (38) . PC expression levels have been monitored in breast cancer biopsies and cultured cell lines, showing that furin, PC1/3, PACE4 and PC7 mRNA are only detected in neoplastic tissues (35) , with furin expression restricted to tumor cells. In contrast, other studies have reported a drastic reduction of PC expression in some cancers, such as PACE4 in ovarian cancer cells, but a protective role of PC5/6 against intestinal tumorigenesis has been suggested in mouse models (39, 40) .
The complexity of cancer cell regulation is well documented (41), but we cannot overlook the important role in which PCs take part in the development and progression of this complex disease, potentially in key locations of convergent pathways. While indicative, it is not clear that the importance of one or more PCs in a cancer type or even in the many steps of cancer progression can be established only using over or under-expression data. A complete understanding of their role requires research on the genetic and molecular regulation of PC activity to clearly elucidate the specific contribution of PC-selective substrates in neoplastic states. Interestingly, recent studies have begun to link pathways and signal cascades to the expression of PCs, thereby increasing knowledge of the crosstalk between PCs and cellular signal transduction pathways. As an example, osteopontin, a multifaceted molecule that controls multiple carcinogenesis steps wsee (42) for a complete reviewx, regulates CD44-mediated p38 phosphorylation to induce furin expression by an NFkB-dependent process that enhances cervical cancer cell motility (43) .
We can conclude that the determination of which PCs are critical in cancer will be increasingly difficult to predict if based simply on not fully understood cellular mechanisms. This is due to the ever-increasing pathway crosstalk implicating PCs and their substrates being uncovered. A more direct approach is to directly and specifically inhibit specific PCs either in cellular or animal models to assess potential benefits. In principal, this could be achieved with exogenously applied pharmacological compounds that inhibit PCs. However, due to the lack of specificity and generally poor pharmacokinetics, these studies have not yet had the desired impact. We are left with molecular approaches that are highly specific, such as small interfering RNAs. While this molecular approach has begun to provide much needed target validation, it remains to be seen if these molecular tools can actually be used as drugs. Taken as a whole, direct PC inhibition is the best way to confirm the therapeutic potential of these proteases in the repression of malignant proliferation, invasiveness and metastatic potential (44, 45) .
Osteoarthritis
Osteoarthritis (OA) is another pathophysiological state where PCs inhibitors could have a beneficial therapeutic impact. Osteoarthritis is a degenerative joint disease that is characterized by the degradation of the flexible and compressionresistant matrix known as the aggrecan, which is mainly composed of proteoglycan (PG) produced by chondrocytes (46) . One of the processes known to be a major contributor to cartilage damage is the proteolytic degradation of aggrecan by enzymes such as aggrecanases, also known as ADAMTS (A disintegrin-like and metalloprotease with From the blood circulation, cholesterol cellular uptake of LDL-c particles within the liver is mediated by the recognition of ApoB100 by the hepatocyte LDLR. This receptor-mediated endocytosis of the LDL-c leads to a decrease in plasma concentrations PCSK9, which is a secreted protein, is capable of binding LDLR (and VLDLR) (52) by its EGF-A domain (53) and mediates its degradation through late endosomal or lysosomal digestion PCSK9 can also mediate the degradation of de novo synthesized receptors by intercepting them before they even reach the plasma membrane (54) PCSK9 in circulation can be inactivated by furin or PC5/6A cleavage, which indicates a new regulation mechanism to control levels of active PCKS9. Interesting findings also show that some PCSK9 gain-of-function mutation are due to the removal of such inactivating cleavage site, leading to hypercholesterolemia (55) .
thrombospondin type 1 repeats). In situ studies indicate that ADAMTS-4 and -5 are the major aggrecanases involved in the pathogenesis of OA (47) . These enzymes are initially synthesized as zymogens and are subsequently processed by PCs, especially PACE4, into their mature forms (48) . PC cleavage, which occurs in the cartilage, removes the prodomains of both ADAMTS-4 and ADAMTS-5 at the PC recognition motifs RAKR 212 x and RRRR 261 x, respectively. Considering the unique upstream position of PCs in the molecular cascade that leads to OA, PACE4 appears to be an attractive, yet challenging target for the treatment of this disease. For example, the exact distribution and targeting of the active inhibitors will be critical particularly in cartilage uptake (49) . Should these obstacles be overcome, the therapeutic use of PACE4 inhibitors for OA will become more promising.
Cardiovascular diseases
The major discovery of PCSK9 in the cholesterol homeostasis has generated intense activity in the area of cardiovascular intervention. The role of the non-kexin-like PC, namely PCSK9 in the regulation of the blood low density lipoprotein cholestrol (LDL-c) concentration, has been exhaustively studied in the last few years (50, 51) and is responsible for a major push by the pharmaceutical industry as means to prevent and treat hypercholesterolemia, atherosclerosis and cardiovascular diseases. Briefly, as illustrated in Figure 3 , PCSK9 enhances the degradation of the LDL-c receptor (LDLR), which is an important participant in plasma cholesterol level regulation, by inducing its endocytosis subsequent to binding or by intercepting de novo synthesized LDLRs before they even reach the plasma membrane (54) . Most importantly, gain-and loss-of-function mutations found within the PCSK9 gene correlate with clinical observations of significant cholesterol level variations, making PCSK9 an important target for PC inhibitor development as a cutting edge approach to cardiovascular diseases (56) .
Previous to the discovery of PCSK9's role in lipid metabolism, another PC family member, SKI-1/S1P had been associated with sterol metabolic disorders. This association was based on the knowledge that SKI-1/S1P substrates; sterol regulatory element-binding proteins (SREBP-1/-2), are important transcription factors implicated in cholesterol uptake and synthesis regulation (50) . The SREBP-1 precursor is an endoplasmic reticulum membrane-linked protein that is brought to the Golgi apparatus only after the binding of the sterol level responsive SREBP-cleavage-activating protein (SCAP). When low cellular sterol/lipid levels occur, SREBPs are brought within range of SKI-1/S1P in the TGN where they lose their cytosolic tail upon cleavage and can translocate into the nucleus. Genes under SREBP control mainly encode proteins that regulate cholesterol biosynthesis and uptake, but they also include PCSK9 itself (50, 57, 58) .
Because of their high expression levels in macrophages and vascular smooth muscle cells that compose some human atherosclerotic plaques, furin, PACE4 and PC5/6A have also been implicated in atherosclerosis and restenosis (59) . Moreover, recent evidence has linked PCs to lipid metabolism. Angiopoietin-like protein 3 (ANGPTL3), a modulator of plasma triglyceride levels, promotes the PC-mediated cleavage of lipoprotein lipase (LPL) (60) . This inactivation process issued from the catalytic activity of furin and PACE4 increases plasma triglyceride levels and, consequently, increases risks of cardiovascular diseases such as atherosclerosis. To our knowledge, ANGPTL3 is the first PC activator identified so far. ANGPLT4, another member of the ANGPTL family, is known as an inhibitor of LPL activity by promoting its degradation by PCs. Moreover, this inhibitory effect is enhanced by the PC cleavage of ANGPTL4 itself, which generates an even more potent inhibitor of LPL (61) .
PC inhibitors as potential therapeutic agents
As molecular evidences build for the implication of PCs in various pathologies, the need for the development of potent and specific PC inhibitors becomes more pressing. Needless to say that this enthusiasm is tempered by the fact that PCs function in multiple cellular pathways raise some doubts about targeting these enzymes in a therapeutic approach, particularly regarding potential side effects. In this section we will attempt to build the case for PCs as excellent therapeutic targets, in spite of potential perceived obstacles.
Protease inhibitors have previously been proposed to treat pathologies such as cancer because they play a major role in the progression of these diseases (62) . As examples of drugtargeted proteases, cystatins and MMPs are potential therapeutic targets in cancer (63) . Moreover, MMP inhibitors such as hydroxamate compounds have been tested in clinical trials after in vitro and in vivo validation (64) . Unfortunately, unexpected side effects associated with the use of these compounds have overshadowed their therapeutic potential, even though the aberrant activity of MMPs is clearly associated with cancer progression. These side effects are due to a lack of specificity against the particular MMPs implicated in cancer. In fact, some MMPs that ensure physiological homeostasis, and also some non-MMPs, were presumed to be affected by the drug, which led to the serious side effects (63, 64) . However, these results do not exclude these proteases as potential therapeutic targets because these enzymes have critical signaling and subcellular activity in addition to their extracellular and membrane-associated degradative functions (64) . Therefore, the side effects observed with MMP inhibitors may not be applicable to all protease targets, or they may be avoided by using more selective compounds. In the case of PCs, the redundancy observed among this enzyme family may actually constitute an advantage over other protease families because the presence of alternative processing capabilities might attenuates the side effects caused by the specific inhibition of one member of the family. This redundancy concept has been extensively validated in vitro, and recent studies have explored it in animal models (65) .
There has been skepticism about the use of PC inhibitors as therapeutics since lethality and serious phenotypic defects have been reported in some PC null mouse models (65, 66) . Indeed, furin, PC5/6 and SKI-1/S1P null mice die during embryogenesis. However, PACE4 knockout mice are viable (75% of newborns) but show some severe craniofacial malformations. Recent findings also suggest that mouse background strains can impact the observations of these phenotypes, as PACE4 knockout mice in the C57BL/6 background are less affected (personal communication A.M. Malfait, Rush University, Chicago). Significant phenotypic modifications like hyperproinsulinemia and retarded growth are observed in PC1/3 and PC2 null mice, respectively. PC7 knockout mice do not show severe phenotypic symptoms but show anxiolytic attributes (67) . These striking phenotypes have been used to argue for the fact that PC inhibition in a clinical context would result in severe side effects.
However, the distinction between the role of PCs in embryogenesis and development and their cellular functions in the adult animal needs to be closely examined. Knockout models allow a better understanding of the unique role of PCs in development, such as that of furin in the axial development triggered by the TGF-b family members such as Nodal, whose processing defects imply a limited redundancy of events in a spatio-temporal context during development (68, 69) . The true impact of PCs silencing has remained unclear until a liver conditional knockout mouse model was obtained using an interferon-inducible Cre/lox knockout sys-tem. Using this animal model, it was observed that a liverspecific furin knockout after developmental maturity did not compromise the liver. Moreover, even though furin expression was abolished, the processing of various proproteins that were suspected to be solely processed by furin based on in vitro and cellular studies (such as the insulin receptor) showed almost complete processing without any observable up-regulation of the other co-expressed PCs (70) . Thus, the liver-specific furin knockouts reveal the redundancy concept in vivo.
In addition, similar observations were obtained for furin and PC5/6 conditional knockout mice for salivary glands and enterocytes, respectively (40) . Salivary glands were slightly smaller but showed normal histological structures in MCre q -fur flox/flox mice after MMTV-Cre mediated fur inactivation. The PC5/6 gene knockout was performed by Pcsk5 flox/flox gene with the Cre recombinase gene under control of the intestine-specific villin promoter. In this case, no malformations were observed. Unfortunately, in contrast with the liver-specific knockout, substrate processing was not measured to quantify the redundancy level between PCs in these two unique mouse models. However, due to the minimal phenotypic effects observed, it can be assumed that compensation by other co-expressed enzymes may have reduced the overall physiological consequences of the specific PC knockout. Other in vivo studies have evaluated redundancy on substrate processing in brain extracts from PC1/3 and PC2 null mice using a quantitative peptidomic strategy (72, 73) . This quantitative approach has been particularly revealing to evaluate the extent of redundancy. As expected, some unique processing events were observed in both mouse models, but a majority of substrates still showed some level of processing. Those observations are in agreement with a study on the human obesity striking phenotype caused by PC1/3 missense mutations (6) . Indeed, as mentioned by the authors, the absence of a more severe phenotype associated to the sequestration of the PC1/3 enzyme in the endoplasmic reticulum is suggested to be due to the redundant activities of other coexpressed PCs.
Considering the high sequence homology of the PC catalytic domains and the characterization of their preferred cleavage sites (16), favorable and unfavorable residues within the cleavage sequence are slightly variable between PCs and thus can account for differences in processing effectiveness. Overall, if we take into consideration the high redundancy observed in organ-specific knockout mice and overlapping PC processing events observed in cell-based experimentation, the redundancy hypothesis leads us to further suggest that redundancy could be an important factor to limit toxic effects of PC inhibition in a pharmacological intervention. As cellular localization and expression levels are variable, they will certainly have an impact within the physiological and pathophysiological context. Non-PC redundancy mechanisms can also intervene since enzymes such as cathepsin L are reported to process some neuropeptides, normally considered as PC1/3 and PC2 substrates in secretory granule pathways (74) .
If PCs are revealed to be major therapeutic targets, the sum of the above studies suggests that minimal side effects are entirely possible. However, the selectivity of the developed PC inhibitors remains a critical factor that ensures that redundancy will be achievable by uninhibited co-expressed PCs. For this reason, it will be essential to assess the inhibitory effect of a given inhibitor for each PC. Figure 4 presents an example of how this could play out in a cellular pathway targeted by PC inhibitors wherein selective inhibition is used to treat a pathological state.
As an example, we will describe the potential therapeutic use of a hypothetical furin inhibitor against breast cancer tumors, because this single PC is specifically over-expressed within these tumor cells (35) . Considering the reported upregulation of the PC substrate IGFR in cancer cells (75) and the abnormal expression of furin in breast cancer (35) , this cellular pathway could be part of a key element that supports a neoplastic phenotype. Also, expression levels of IGFR are proportionally associated with the gradation of breast cancer tumors (75, 76) while higher IGFR expression levels are related to both proliferation and the induction of the proinvasive protease MT1-MMP (77) . A recent study has demonstrated the partial relocalization of furin from the TGN to the plasma membrane of cancer cells under hypoxic conditions, supporting the role of PCs in cancer progression (78) . Moreover, this study suggests that this pharmacological target could be accessible from the extracellular media, reducing potential concerns associated to cell permeability of candidate drugs. Systemic administration of furin-selective inhibitors could thus lead to anti-neoplastic effects through a reduction of active IGFR in breast cancer tumors, but also by the reduction of the tumoral enhanced processing of proinvasive mediators such as MT1-MMP and integrins. The side effects may be minimal as other cells with normal furin and IGFR expression levels would not be radically affected due to the redundant effects from other co-expressed PCs that would sustain the processing of a majority of the furin usual substrates. As shown in the liver-specific furin knockout mouse model, none of the substrates expected to be processed by furin in the knockout liver were impaired by furin removal (70) . An in vivo study that supports this idea was carried out using a double transgenic mouse model overexpressing the proto-oncogene PLAG1, a transcription factor known to regulate IGF-2 expression, combined with a furin knockout in the salivary gland (71) . This animal model showed a highly reduced tumor onset suggesting a role of furin in the pathways initiated by its two known in vitro substrates IGFR and IGF-2 leading to tumor progression (71) . This model of possible therapeutic application is based on the example that one PC is aberrantly over-expressed in a given pathological state, such as cancer. However, the expression of PCs in various cancers seems to be heterogeneous (30) . In fact, multiple PCs appear to be overexpressed in human tumors and tumor cell lines originating from the same cancer type. Therefore, in parallel with the development of PC inhibitors of variable specificity, it is also critical to completely characterize PC expression patterns in each type of cancer. Some cancers are known to regularly over-express the same PC, for example, furin in breast (35) , head and neck (33) and ovarian cancers (34) . Interestingly, In the case where a particular PC is overexpressed, to maintain the cell's need for activated growth factors (GF) and to sustain tumor progression, the inhibition of that PC represents an obvious target. The application of an exogenous and selective PC inhibitor may not discriminate between the cancer cell and a normal cell, in the vicinity of the target area. Thus the target PC would also be inhibited in normal adjacent cells, which could result in unwanted effects. Nonetheless, it is hypothesized that the cancer cells would be more highly affected as their needs for the required growth factors are essential for progression, whereas in the normal cells, inhibitory effects of would be minimized by the redundant functions of other PCs.
it has also been suggested that the level of a given PC in tissues could be used as a prognostic marker because it would reflect the aggressiveness of cancer cells, which could be applicable to tumor biopsies (33, 34) . In pathologies such as osteoarthritis, PACE4 has been singled out in association with cartilage degradation and an adaptive therapy is not necessarily as relevant as it is for cancer therapy. However, our recent data show that PACE4 is a proven target in prostate cancer, as it is the sole PC to be overexpressed and its specific inhibition results in significant decreased tumor progression in vivo (38) .
Overview of existing PC inhibitors and their development
Protease inhibitor development is among the most promising experimental avenues because, beyond their therapeutic potential, they are useful tools for observing protein folding and mechanisms of action in cellular pathways. Indeed, because of the many protease-associated pathologies such as cancer, inflammation, hypertension, neurodegeneration, viral infections and coagulation disorders, protease-targeting drug development is clearly an important research and development sector (79) . As extensively reviewed by Drag and Salvesen, peptidic and non-peptidic protease inhibitors have been marketed as drugs for many therapeutic purposes, which range from hypertension (e.g., captopril, which targets angiotensin converting enzyme) to cancer (e.g., bortezomib, which targets the 26S proteasome subunit) and coagulation defects (e.g., desirudin, which targets thrombin).
In the case of PCs, many promising inhibitors have been developed. The multiple approaches used to generate these inhibitors have been reviewed previously (1). We will focus on the validated inhibitors and thus on their effectiveness in an in vivo context and, secondly, on the latest progress in their development. The validated approaches are classified into four inhibitor subclasses: peptidic, small non-peptidic molecules, antibodies and even siRNAs.
PC inhibitors validated in vivo
The therapeutic utility of peptidic furin inhibitors for cellular protection against infections in mice has been recently demonstrated for various diseases. The H 5 N 1 influenza A PC cleavage sequence was used as a scaffold for the development of a selective furin peptidic inhibitor by improving the sequence length and amino acid composition. The nanomolar range obtained by the inhibitor, namely TPRARRRKKRT (Table  1) , showed a protective effect in vivo against Pseudomonas (80) . In subsequent studies (81) also presented in Table 1 , the same sequence was adjusted to a core active sequence RARRRKKRT and used to generate a peptide with an N-terminal non-peptidic variant (8-amino-octanoyl group) to increase cell permeability. This peptide also offered protection against anthrax infection in vivo. In both cases, the peptidic inhibitors were synergistic when combined with actual antibiotics such as ciprofloxacin. Therefore, these inhibitors could be used in new co-treatment approaches to fight bacterial resistance. Of greater interest is their potential for therapeutic intervention in viral infections that utilize a furin-based entry mechanism such as various subtypes of influenza A. As influenza A infects humans through the airways, an easily delivered inhaled furin inhibitor could be effective in limiting infection.
The treatment of Pseudomonas aeruginosa keratitis with PC inhibitors has also been tested. First, as shown in Table 1 , the non-selective inhibitor nona-D-arginine peptide (82) provides efficient treatment of severe keratitis caused by bacteria, particularly when combined with ciprofloxacin (84) . This treatment association is obviously required in these clinical circumstances because PC inhibitors are not used for bacterial eradication but rather to minimize tissue damage after the infection (85) . The curative effects observed were not solely associated with the reduced activation of the Pseudomonas aeruginosa exotoxin A (PEA) but were also due to immunomodulating effects such as a deficient IL-1ß response. This response led to a reduced inflammatory reaction related to attenuated MMP-9 expression, which in turn minimized corneal damage. Further studies from the same group showed that the nona-D-arginine peptide was also suitable for prophylactic keratitis treatment in vivo (85) . This study is a significant extension of previous works that demonstrated the use of hexa-D-arginine peptide (Table 1) to prevent, and to a lesser extent treat, PEA-induced sepsis (92) . These studies show that this inhibitory peptide, although non-selective against a specific PC (82), limits mouse death from PEA toxicosis. It is suggested that increased survival rate is due to hexa-D-arginine minimizing the consequences of sepsis by limiting PEA activation and thereby reducing the responses of TNF-a and other cytokines.
Two other groups have used exogenous PCs inhibitors in an attempt to limit tumoral cell progression. In the first study, an uncommon peptide inhibiting furin was recently developed using phage-display of cyclic random peptides in rhabdomyosarcoma cells and tumors (86) . Using this method, a peptide with presumed affinity for furin was found (CMGTINTRTKKC, Table 1 ), although no kinetic constants have been calculated. In vivo, the systemic administration of the peptide in nude mice limited the progression of tumor xenografts and also had a significant synergistic action with the antineoplastic agent doxorubicin. However, a better pharmacological characterization, including the measurement of inhibition constants for all PCs, still remains to be done. In the second study, the peptide-based compound, dec-RVKR-CMK (Table 1 ) which has been mainly use to assess PC implication in cell based assays, was used as a topical therapeutic to retard skin tumor progression (45) . The dec-RVKR-CMK compound is a non-selective, irreversible inhibitor of all individual PCs (87, 88, 89) . Therefore, not surprisingly, it has been reported to exhibit some cytotoxic effects (81) . For this reason, topical application may be the only use of this compound, in order to avoiding potential drawbacks of this suicide inhibitor.
An impressive demonstration of the efficacy of targeting a PC for inhibition is use of a human monoclonal antibody targeting human PCKS9 generated by Amgen, Inc. (93) . When injected into either wild-type mice or mice expressing human PCSK9, the antibody considerably lowers (up to 66%) blood cholesterol in a dose-dependent manner. In cynomolgus monkeys, after a single injection, these nonhuman primates showed a reduction of nearly 50% in their blood cholesterol and a very significant (80%) and rapid decrease in circulating LDL cholesterol levels. In vitro assays performed also revealed that the PCSK9 antibody in combination with statins results in synergism, which suggests that PCSK9 targeting drugs could be used in combination with actual hypercholesterolemia treatments. Another group has used a completely different pharmacological approach, namely siRNA targeting of PCSK9 mRNA transcripts, to achieve similar blood cholesterol reductions. In these studies, a dose-response reduction of cholesterol levels was obtained of up to 30% in mice and 60% in rats. In cynomolgus monkeys, the treatment reduced LDL cholesterol levels more than 56% (94) .
In another in vivo validation, SKI-1/S1P aminopyrrolidineamide inhibitors (Table 1) were developed using highthroughput screening by Pfizer Global Research and Development (90) . The best small molecule hit was a selective inhibitor against SKI-1/S1P that did not significantly inhibit furin or other non-PC proteases. When administered to mice at high doses (30 mg/kg) to compensate for pharmacokinetic issues, the inhibitor showed short-term effectiveness for the reduction of HMG-CoA synthase and fatty acid synthase transcription (about 75%), and it also reduced the rates of cholesterol and fatty acid synthesis in the liver (91) . These effects are explainable by the reduced processing of SREBP and therefore the reduced translation of multiple genes involved in sterol and cholesterol metabolism.
New approaches in PC inhibitor development
Presently, most described PC inhibitors are proteins derived or bioengineered from known or suspected PC/furin substrates. The development of these polypeptides has already been exhaustively described (89, 95, 96) . The PC prodomains have also been shown to be potent PC inhibitors. Prodomains act as in cis inhibitors, as well as intramolecular chaperones in the zymogen forms of the enzymes, but have been proposed as selective inhibitors due to their considerably low homology from one PC to another. Unfortunately this is not the case, as prodomains used in trans do not show any preference for a single PC, sometimes surpassing their inhibitory potency on other PCs as compared to their cognate PC (89) .
As powerful some of these protein-based PC inhibitors may be, they have the major inconvenience of being hard to apply in a therapeutic context compared to peptide-based and small molecule inhibitors. As reviewed previously (97), proteins used as drugs still have some issues to overcome. Indeed, these drugs are difficult and expensive to produce because they require mammalian cell culture to acquire their optimal post-translational modifications, which can lead to a heterogeneous population of molecules in the final product. Moreover, these molecules often require subsequent long and complex purification steps, which increases the final cost of production. In clinical use, protein-based drugs also need to be injected and, after administration, these compounds are generally unstable and present short plasmatic half-lives and, sometimes, immunogenic side effects if administered systemically. Taken together, these issues may compromise clinical trials. One possible solution may come from gene therapy approaches, although they are still not conclusively demonstrated at the present time. If this can be achieved, it is clear that protein-based inhibitors have undeniable potency. In light of the remaining hurdles, we will focus now on the more readily usable compounds for therapeutic applications: including peptide-based inhibitors, small molecules, antibodies and small interfering RNAs.
Peptide-based inhibitors
The peptide scaffold is an emerging development platform for obtaining powerful inhibitory compounds. Many new emerging therapeutics are generated as peptide-based molecules, such as exenatide (an incretin mimetic used in diabetes treatment) and icatibant (a bradykinin receptor antagonist) (98) . These molecules are flexible and allow high selectivity and efficiency against their target, which is exactly what is required in cancer therapies and other life-threatening diseases (99) . These molecules are attractive because they generally trigger low toxicological responses, mainly because of their high selectivity but also because of their low accumulation in organs, and they are of great importance for active inhibitory protein replacement (100). Indeed, inhibitory proteins are large moieties that display many drawbacks, such as low bioavailability, poor cellular penetration and fast degradation. However, protein-protein interactions are generally based on a few amino acid patterns called pharmacophores. Peptides can thereby be derived from these sequences to generate active peptides with the same capabilities as complete proteins but with the multiple advantages associated with these shorter molecules.
Nonetheless, peptide-based inhibitors also have some inconveniences associated with their use, such as poor cell membrane penetration because of their size or charge, short half-life due to proteolytic degradation, instability, aggregation, adsorption and infrequently will display immunogenicity. Despite these drawbacks, recent developments in peptide synthesis and peptide derivatives have given rise to new strategies to overcome these difficulties (101) . Indeed, even though peptides are susceptible to degradation in physiological conditions, mainly by peptidases, structural modifications such as lipidization and PEGylation allow a considerable gain in stability and favor cell penetration. Additionally, there are multiple promising peptidomimetic variants that can substitute for the standard amino acids within the peptide backbone, which results in a higher resistance to degradative peptidases.
Many of the PC inhibitors that have been validated in physiological contexts are standard peptides often directly derived from PC substrates or natural inhibitory proteins. However, the attractive side of peptide development resides in the specific modifications that can be made once a peptidic backbone has proven its efficiency. The derived molecules that carry such optimized modifications may even have enhanced specific capabilities that result in a more selective and powerful inhibitor.
While the majority of peptide-based inhibitors that target PCs are derived from the sequences of either endogenous substrates or inhibitors, alternative strategies for development are based on the positional scanning of synthetic peptide combinatorial libraries (PS-SPCLs). PC-SPCLs which allows the identification of optimal sequences capable of PC inhibition from a degenerate mixture of peptides (95, 101) . Because of the high homology within PC catalytic sites, the design of a selective inhibitor for a single PC constitutes a great challenge. Hopefully, PS-SPCLs combined with molecular modeling will give rise to new possibilities and a better understanding of the PC catalytic pocket sub-sites that interact with potential inhibitory peptides. These new data should lead to the design of more selective inhibitors. For example, a recent study addressed the preferred residues for each subsite of the catalytic pockets of PC5/6 and PC7, and this strategy should lead to the optimization of novel inhibitory peptide sequences (83) .
Using molecular modeling to observe the structural differences in different PC pockets combined with substrate cleavage analysis to monitor the cleavage efficiency of peptide sequences, it has been possible to identify slight differences between PC sub-sites (16, 102) . Even if the only crystal actually available is for furin, homology models for all other PCs are available and could be used to improve inhibitors selectivity (10, 103) . Using such data, it may soon be possible to select specific residues that are better embedded in or removed from inhibitory peptide sequences to facilitate the binding of a single PC and thereby create new selective inhibitors.
The incorporation of peptidomimetic variants into known peptide-based inhibitor scaffolds is a recent strategy that has been used to generate very powerful inhibitors. For example, an unnatural amino acid derivative, namely aromatic enediyne as presented on Table 2 , was incorporated into the furin prodomain cleavage site to generate an enediynyl peptide with a low nanomolar range K i against furin (Table 2 ) (104) . Moreover, the substitution of the C-terminal arginine residue with amino acid mimetics led to a better inhibitory effect (109) . More precisely, this group replaced the C-terminal arginylketones in the RVKR peptide with a series of decarboxylated arginine mimetics. As presented on Table  2 , the substitution of arginine for the 4-amidinobenzylamide group generated high potency inhibitors against PC members and resulted in low nanomolar inhibitors, which also theoretically are less susceptible to carboxypeptidase degradation.
Small molecule inhibitors
Small molecules have been the favored molecular forms used by the pharmaceutical industry for the generation of drug inhibitors because they are easily screenable and can be synthesized at a relatively low cost. However, this drug pipeline appears to be running dry as these small molecules have a high propensity for toxicological effects that are often the cause of trial failures. This is one of the main reasons why peptides are one of the new avenues for novel drug designs that can be 'translated' back into small molecules (110) .
The number of small molecules that target PC family members is increasing. Some groups have previously investigated the inhibitory effects of some molecules that could be used as lead compounds for the molecular scaffolds that are required for further inhibitor development. A number of natural compounds derived from plants called andrographolides have shown weak potency inhibition (low micromolar inhibition) against furin, PC1/3 and PC7 (105) . All of the effective constituents of the plant Andrographis paniculata have a diterpine labdane skeleton in common, shown in Table 2 , that could be exploited to generate inhibitors as good as peptide-based compounds. Until such chemistries are developed, these classes of compounds remain a simple observation and are of no practical therapeutic potential application. In contrast, and as outlined in Table 2 , 2,5-dideoxystreptamine-derived molecules also have inhibitory activity against most of the PCs with the best inhibitory constants in the low nanomolar range (106) . These molecules were identified by testing positively charged molecules (such as 2,5-dideoxystreptamine guanidinylated analogs) to assess PC inhibition based on the hypothesis that basic residues have a high propensity to interact with furin and other PCs. As expected, these small molecules were highly effective against furin, PACE4, PC5/6 and PC7, but they had a much lower affinity for other proteases such as trypsin and MT1-MMP. It remains to be seen if these compounds can be effectively used in vivo. Finally, it should be noted that some copper and zinc complexes irreversibly inhibit kex2 and furin with an EC 50 mostly in the low micromolar range (111) . However, none of these chelates were tested against other types of proteases, which often require metal ions to catalyze their reactions. It is unlikely that these molecules will have therapeutic or even research based applications. Recent studies have demonstrated the inhibitory properties of dicoumarol derivatives against PCs. One group screened 30 000 small molecules using a high-throughput real-time cellular assay employing a chimeric alkaline phosphatase fused to a TGN protease recognition domain and a Golgi retention signal to monitor the activity of TGN resident proteases (112) . Using this process, followed by a cellular characterization assay, this group demonstrated that the dicoumarol derivative compounds shown in Table 2 have considerable abilities to inhibit furin with inhibitory constants of 6 mM and are at least two times more selective for furin than for the other PCs (107) . Also using high-throughput screening, groups from Pfizer Global Research and Development have found the aminopyrrolidineamide small molecule inhibitor of SKI-1/S1P shown in Table 1 (19, 90) . This compound is thought to be a competitive and selective nanomolar inhibitor of SKI-1/S1P within the PC family because it does not alter furin activity. Finally, for the first time, small molecule inhibitors of PC2 have been described (108) . Positional scanning of small molecule library revealed that pyrrolidine bis-piperazine scaffolds (Table 2 ) and bicyclic guanidines inhibited PC2 in the mid-nanomolar and in the micromolar range respectively, while cross-reactivity with PC1/3 and furin was limited. Although these molecules seem to offer a good selectivity against the secretory pathway-related enzyme PC2, complete inhibition studies over the other PCs are still lacking to better evaluate their selectivity. At this point a selective PC2 inhibitor may be usefulness in basic research, in addition to RNA-silencing, but from a therapeutic point of view, inhibiting this secretory PC appears to have limited usefulness.
Antibodies
Since the demonstration in 1975 that murine monoclonal antibodies have significant potency for clinical uses, the development of novel antibodies with more and more designable capabilities has accelerated until these drugs took the lead of the pharmaceutical industry's new therapeutics entering clinical trials (113) . Antibody therapeutics have been successful in clinical use because they have a potent ability to target proteins that are hard to attain with other drugs, and because they can be genetically humanized to reduce immunotoxic reactions. However, these proteins are difficult and very expensive to synthesize, which compromises easily dispensable treatments and, to a lesser extent, basic research applications.
Over the past few years, antibodies have reached a new summit as therapeutics with the emergence of single-domain antibodies (sdAbs) that are produced by camelids such as llamas, camels and dromedaries wsee (114) for a complete reviewx. This class of antibodies appears very promising because they offer unique features compared to other antibodies. Indeed, sdAbs consist of only a single protein, which dramatically facilitates genetic manipulation and production because they can be easily produced in biofermentors with simple microorganisms such as E. coli, thus considerably reducing their costs. Moreover, sdAbs are much more capable of reaching hidden epitopes (such as an enzyme's catalytic site) due to their smaller size. Their high hydrophilicity and physicochemical stability also give them significant benefits in physiological contexts. No sdAbs targeting PCs have yet been reported in the literature, but this promising class of molecules will soon be of considerable value in in vivo studies and therapeutically-oriented applications.
PCSK9 is the only PC family member that has been pharmacologically approached with monoclonal antibodies. The choice of this strategy is reasonable considering the absence of enzymatic activity of this protein, which radically changes the strategic approach to inhibition of PCSK9. Still small molecules or peptide-based inhibitors of PCSK9 remain a distinct possibility. Because this protein attracted much attention from pharmaceutical companies for its dyslipidemia potential, a large number of patents were obtained for antibodies and short antisense RNAs that target PCSK9 (56) . siRNA siRNAs are a very promising pharmacological avenue that have been used to target PCSK9 with high efficiency. This future class of potential pharmaceutical drugs has many advantages compared to synthetic molecules and antibodies (115) . In contrast to large proteins or antibodies, siRNAs have the advantage of being able to target the mRNA issued from the transcription of virtually any gene within the genome with high selectivity. These molecules can also be synthesized at low cost because of industry's investment in high performance nucleotide synthesis. However, it is important to note that siRNAs as drugs still need to surmount a number of hurdles. The development of selective siRNAs is critical for preventing off-target toxicity, which could be substantial, particularly in a systemic administration context (115) . Moreover, the interferon cellular response needs to be fully understood and controlled to produce safer drugs. Another issue is the very low pharmacokinetic properties of these molecules due to quick elimination by the kidneys and degradation by serum RNases. A group targeting the PCSK9 gene with siRNA has reported a persistent effect of more than three weeks before levels returned to their baseline values, which is a substantial result in the preliminary development of a pharmacological agent (94) . Nonetheless, chemical modifications and lipid/peptide complexes are potent avenues that need to be explored to increase the physiological half-life and cell delivery properties of siRNA drugs.
Expert opinion
We can easily conclude that PCs contribute to many disease states due both to the nature and known functions of their endogenous substrates (e.g., growth factors, signal molecules, etc.) and also due to their key roles in the proteolytic activation of infectious microorganisms and/or toxins. It is less obvious to conclude that targeting these PCs (one or many) will result in a beneficial clinical application. Taking into consideration the high redundancy level already observed and the capability of living organisms to survive local specific PC withdrawal without significant substrate misprocessing, the inhibition of PCs with considerable selectivity index appears to be a feasible treatment for preventing pathological states without the suspected severe drawbacks. Many powerful and selective inhibitors have already been discovered, and they should serve as a point of departure for the generation of molecules with enhanced and optimized properties, such as in vivo stability, advantageous pharmacokinetic parameters, and low toxicity that could be exploited as potent new drugs. We conclude that the described biomolecular data lead us to the concept that PCs have their place in the list of drug-targeted proteases at the cutting edge of pharmacological research.
Outlook
We are reaching an exciting crossroads in the field of PCs pharmacological research wherein a few specific indications are closer than ever to a significant clinical application. It is predicted that within the next decade, inhibition of PCSK9 will result in an entirely new therapeutic approach to hypercholesterolemia. Whether the approach will be used alone or in combination with statin treatment remains to be seen. While other indications are not as close to the clinical setting, they nonetheless have a large potential for the treatment of major diseases, including cancer and viral/bacterial infections. While we anticipate major clinical applications, it is also possible that the drive to better define PC mechanisms, substrates and pathways, will also lead to other developments such as the identification of specific biomarkers in pathophysiological progression.
• The proof of concept for the PCs as therapeutic targets comes from the pharmacological and/or molecular inhibition of PCs in various cell based and animal models of bacterial infections, cancer and hypercholesterolemia.
• Although not fully defined, the PC family of enzymes exerts important distinct and redundant functions.
• While the development of more potent and selective PC inhibitors is regarded as important to reduce potential side effects, it is apparent that the redundant actions of coexpressed PCs can also reduce these unwanted effects.
• Multiple design strategies of PCs inhibitors have been explored, but peptide-based inhibitors and antibodies remain the most promising molecular scaffolds for future developments in terms of potency, selectivity and innocuity.
• Recent developments of medicinal chemistry adapted to peptide pharmaceuticals has overcome particular issues associated to their use, including stability, bioavailability, and toxicity.
